Introduction: Bone elongation disorders result from a spectrum of childhood growth deficiencies with multiple etiologies. Limb length inequality can cause disabling health conditions such as scoliosis, chronic back pain, and osteoarthritis [1]. Alternative treatments are needed because existing limb-lengthening procedures involve invasive surgery and/or drug regimens, which are to date only partially effective [2]. A major obstacle is lack of methods for targeting therapeutics to cartilaginous growth plates, which do not have a direct blood supply. Experimental drug delivery approaches include surgically implanted catheters and localized injections into specific growth plates [3, 4]. Data from our lab and others demonstrate that warm ambient temperature increases bone blood supply and bone length in young mice [5, 6, 7]. Local heat could be an alternative to surgery and a supplement to systemic bone-lengthening drugs to noninvasively achieve limb length equalization. The objective of this problem-solving project is to validate a unilateral heating model to increase length of specific bones without surgical or drug intervention. We hypothesize that daily heat exposure on one side of the body will unilaterally increase femoral and tibial lengths on the heat-treated side. Our goal is to develop a low-cost, noninvasive method for lengthening bones that can translate into practical therapy to offset linear growth impediments in children. Methods: Procedures were approved by our IACUC. 3-week old female C57BL/6 mice (N=20 total) were treated once daily to a 40-minute unilateral heating regimen for 14 days post-weaning ( Fig. 1 ). Experiments were done at the daily light cycle start to minimize circadian influences. Mice were lightly anesthetized with isoflurane and placed in lateral recumbency on a 40C heating pad. Room temperature was 19C. Left and right sides were heat-treated in separate trials to rule out potential side variation. Limbs on the heat-treated side were wrapped in custom fitting thermal booties to ensure uniform heat distribution ( Fig. 2C inset). Foam separators prevented heat transfer to the non-treated side. Ear and limb temperatures were taken using a noncontact thermometer [6]. Core temperature and respiration were recorded. Mice were weighed daily. A separate group of mice (N=6) that were not subject to anesthesia or heat served as treatment controls. Mice were injected with oxytetracycline (OTC, 7.5 mg/kg IP) at the treatment midpoint. OTC is a calcium chelator that binds to newly mineralizing bone and leaves a fluorescent time stamp to estimate tibial elongation rate [8]. 5-week old mice (N=14) were euthanized for tissue harvest 1 day after the last heat-treatment. OTC was visualized in unfixed proximal tibial slab sections on a fluorescence stereoscope (Fig. 2B) . Growth rate was estimated from digital images following published methods [8]. 12-week old mice (N=6, mixed sex sample) were euthanized 49 days post-heating to evaluate persistent limb length differences at skeletal maturity (Fig. 1) . Cartilaginous ears were harvested to document a treatment effect, since ear size changes with ambient temperature [6]. Ears were removed, scanned between slides on a flatbed scanner, and measured in ImageJ. Femora and tibiae were dissected, scanned, and measured in ImageJ. Hindfoot length was measured from digital photos. Statistical analyses were performed in SPSS using independent samples t-tests to compare control and experimental mice. Left-right side comparisons were made using paired ttests. Significance was accepted at α = 0.05 (one-tailed). Results: Skin temperatures of heat-treated limbs and ears averaged 40C as measured by infrared thermometry during the heattreatments. Temperatures of the non-treated side averaged 30C during treatments. Core temperature and respiration were 36C and 60 breaths/min, respectively, under anesthesia. Tibial elongation rate was >12% greater on the heat-treated side of 5-week old mice ( Figs. 2A-B) . The average growth acceleration was nearly 15 µm/day (paired t = 4.12, p = 0.002). Ear area and hindfoot length on the heat-treated side were increased 8.8% and 3.5%, respectively, compared to the non-treated contralateral side at 5-weeks (Table 1) . Femoral and tibial lengths were increased 1.3% and 1.5%, respectively (Table 1) . To test whether left-right differences were evident at skeletal maturity, mice were examined 49 days after the last treatment at 12-weeks age. Importantly, ear area and tibial length were still significantly increased on the heat-treated side of adults . When experimental mice were compared with the non-treated controls that received neither heat nor daily anesthesia, there were no differences in 5-week ending body mass (independent samples t = 0.29, p = 0.77) or average daily gain in mass (t = 0.17, p = 0.87). Discussion: The goal of this study was to validate a model using targeted intermittent heat exposure to permanently increase extremity length in mice. Our data support the hypothesis that daily unilateral limb heating increases femoral and tibial lengths on the heat-treated side. The length effect persisted at skeletal maturity after only 14 days of post-weaning treatment. A significant left-right difference was measured without impacting overall body mass. Core temperature and respiration were in a physiological range under anesthesia. These results suggest that daily unilateral heating is an effective way to model temperature-enhanced limb elongation. The rationale for the model is to solve the problem of increasing bone length with minimally invasive methods that can apply to many different growth-limiting conditions. With these baseline data established, our model will allow us to move forward and test mechanisms of heat-enhanced bone lengthening to better tailor future clinical
therapies.
Significance: Temperature is under-recognized for its ability to modulate bone elongation in growth plates. We found that unilateral exposure of 40C heat for only 40 min/day increased ear area and hindlimb length on the heat-treated side of young mice. Heat is a promising strategy for enhancing the elongation potential of specific growth plates without affecting the entire skeleton. Treatments could be optimized for a more robust effect in children by using a temperature cuff to target active growth plates. The distal femoral and proximal tibial growth plates contribute most to lower limb lengthening [9] . Use of a localized heating device around the knee could be a straightforward way to augment existing drug therapies and to potentially avoid invasive surgical limb length correction. We believe that such heat-based therapies resulting from the model developed here will have advantages over traditional methods. Our results could ultimately lead to the development of alternative treatment modalities with better outcomes by reducing costs and side effects of surgery and high-dose systemic pharmaceuticals.
